Local sol-gel transitions of the cytoskeleton modulate cell shape changes, which are required for essential cellular functions, including motility and adhesion. In vitro studies using purified cytoskeletal proteins have suggested molecular mechanisms of regulation of cytoskeleton mechanics; however, the mechanical behavior of living cells and the signaling pathways by which it is regulated remains largely unknown. To address this issue, we used a nanoscale sensing method, intracellular microrheology, to examine the mechanical response of the cell to activation of the small GTPase Rho. We observe that the cytoplasmic stiffness and viscosity of serum-starved Swiss 3T3 cells transiently and locally enhances upon treatment with lysophosphatidic acid (LPA), and this mechanical behavior follows a similar trend as Rho activity. Furthermore, the timedependent activation of Rho decreases the degree of microheterogeneity of the cytoplasm. Our results reveal fundamental differences between intracellular elasticity and cellular tension, and suggest a critical role for Rho kinase in the regulation of intracellular mechanics.
Introduction
Cytoskeletal rearrangements are closely correlated with key cellular processes such as cell shape changes during mitosis, the separation of daughter cells by the contractile ring during cytokinesis, cell-cell and cell-substrate interactions, transmembrane signaling, endocytosis, secretion, and motility (Schmidt and Hall, 1998) .
These processes involve the coordinated assembly, disassembly, crosslinking, and bundling of cytoskeletal filaments, which are mediated by auxiliary proteins and are believed to regulate the mechanical properties of the cell. In vitro studies using purified cytoskeletal proteins have suggested molecular mechanisms of regulation of cytoskeleton mechanics (Sato et al., 1987; Janmey et al., 1990; Pollard et al., 1992) ; however, the mechanical behavior of living cells and the molecular signaling pathways by which it is regulated remains largely unknown.
It is well established that members of the Rho family of small GTPases play a central role in cytoskeletal assembly and architecture Van Aelst and D'Souza-Schorey, 1997; Rottner et al., 1999; Bishop and Hall, 2000) . The roles of Rho proteins in controlling actin filament dynamics and network organization are fairly well understood at the biochemical level (Ballestrem et al., 2001) . However, fundamental questions still exist regarding the downstream intracellular mechanical response of the cytoskeleton to Rho GTPase activation (Heidemann and Wirtz, 2004) . For instance, upon activation of Rho, what are the intracellular viscoelastic properties that modulate the intracellular transport of organelles and engineered particles (Suh et al., 2003) , and how does Rho activation affect the ability of the cell to resist deformation? Using a novel functional assay, intracellular microrheology (Tseng et al., 2002b) , we directly measure the micromechanical response of Swiss 3T3 fibroblasts subjected to Rho activation by LPA and examine the effects of LPA upon cytoplasmic microheterogeneity. Our results suggest a critical role for Rho kinase in regulating cell mechanics and illustrate fundamental differences between cellular tension and intracellular stiffness.
Materials and Methods

Cell culture and Reagents
Swiss 3T3 fibroblasts (ATCC, Manassas, VA) were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% bovine calf serum (ATCC) and maintained at 37 °C in a humidified, 5% CO 2 environment. All ICM measurements were performed in an incubator mounted on an inverted microscope maintained at 37 °C with 5% CO 2 and humidity. Cells were grown on 35 mm glass-bottom dishes coated with poly-D-lysine (MatTek Corp., Ashland, MA) and treated with 50 µg/ml fibronectin (Calbiochem, CA) for 1 hour prior to plating. Cells were serum-starved in DMEM for 42-48 hours prior to data collection. Inhibitor experiments were performed by treating cells with DMEM containing staurosporine (Sigma, St. Louis, MO) or Y-27632 (Calbiochem) at the specified final concentrations for 15 min prior to treatment with DMEM containing 1 µg/ml lysophosphatidic acid (Sigma) and data collection.
Cytomechanics from multiple particle tracking
To measure the local mechanical properties of cytoplasm, we used the method of intracellular microrheology introduced by Tseng et al. (Tseng et al., 2002b) . 0.1 µm yellow-green fluorescent carboxylate modified polystyrene microspheres (Molecular Probes, Eugene, OR) in Dulbecco's phosphate buffered saline (DPBS, Life Technologies Inc., Gaithersburg, MD) were microinjected into cells and used as local probes of cytoplasm.
Microinjected cells containing fluorescent particles were placed on the stage of a microscope at 37 °C. Movies of the fluctuating fluorescent microspheres were recorded onto the (large) random-access memory of a PC computer via a silicon-intensifier target (SIT) camera (VE-100 Dage-MTI, Michigan City, IN) mounted on an inverted epifluorescence microscope (Eclipse TE300, Nikon, Melville, NY) at a frame rate of 30 Hz using the software Metavue (Universal Imaging Corp., West Chester, PA). A 100× Nikon Plan Fluor oil-immersion objective (N.A. 1.3) was used for particle tracking, which permitted approximately 5 nm spatial resolution over a 120 µm × 120 µm field of view, as assessed by monitoring the apparent displacement of microspheres firmly attached to a glass coverslip with the same microscope and camera settings as used during the live-cell experiments. The displacements [x(t),y(t)], where t is the elapsed time, of the particles centroids were simultaneously monitored in the focal plane of the microscope for 20 sec. The few particles that appeared to undergo "ballistic" or directed motions were ignored. At least 120 particle trajectories were measured for each experimental condition.
Movies of fluctuating microspheres were analyzed by a custom particle tracking routine incorporated into the Metamorph imaging suite (Universal Imaging Corp.) as described (Tseng and Wirtz, 2001 
where τ is the time scale, were calculated from the two-dimensional trajectories of the centroids of the microspheres. All control experiments are described in Tseng et al. (Tseng et al., 2002b ), including effects of particle size and surface chemistry.
Particles embedded in the cytoplasm of living cells can be thought of as nanoscale rheometers that impose a time-averaged stress on the surrounding fluid on the order of 3 B k T a where k B is the Boltzmann constant, T is the absolute temperature, and a is the particle radius. The resulting strain is measured as the particle displacement and can be directly related to the creep compliance, ( )
, of the surrounding fluid through the following relationship (Xu et al., 1998) :
The creep compliance is the ratio of the time-evolving strain to the time-averaged stress imposed by the probe particle, and is a measure of cell deformability. It shares all of the same features as the MSD so that a perfectly viscous fluid will have a time scaledependent creep compliance with a power law slope of 1 whereas a perfectly elastic solid will have a power law slope of 0 (Xu et al., 1998) .
All of the mechanical information is contained in the amplitude and the time scale dependence of the creep compliance. However, using the generalized form of the StokesEinstein relationship (Mason and Weitz, 1995) can calculate the traditional frequency-dependent elastic modulus G′(ω) and loss modulus G″(ω) from time scale-dependent MSDs as described (Mason et al., 1997; Dasgupta et al., 2002) . The viscoelastic moduli G′(ω) and G″(ω) are the real and imaginary parts, respectively, of the complex modulus G * (ω), which is the projection of G(s) in Fourier space, and obey Kramers-Kronig relationships (Mason et al., 1997) . Viscoelastic moduli obtained from our particle-tracking approach quantitatively compare with bulk moduli measured using a classical rheometer (Mason et al., 1997) . The error between the two types of measurements never exceeded 20%. It has been suggested that measurement of viscoelastic moduli using particle tracking methods can be improved by monitoring the correlated motion between two particles instead of the motion of individual particles (Crocker et al., 2000) . However, in its present form, this method is inappropriate for the measurement of the mechanical properties of live cells as it incorrectly assumes that the intracellular milieu is homogeneous. Furthurmore, to obtain statistically significant measurements, data collection times are on the order of 30 -60 minutes. Cells can not be assumed as structurally stationary on this time scale as cytoskeletal filaments turn over on the order of 10s of seconds to minutes (Theriot and Mitchison, 1991; McGrath et al., 1998) .
The diffusion coefficient, D, of a microsphere of radius a can be calculated from the Stokes-Einstein relationship (Einstein, 1905; Chandrasekhar, 1943; Qian et al., 1991; Berg, 1993) :
where η is the shear viscosity of the fluid surrounding the particle. In the case of a viscoelastic fluid, such as the cytoplasm of a living cell, η is not a constant and is time scale-dependent therefore giving rise to a time scale-dependent diffusion coefficient. We can however instead approximate η as the product of the relaxation time (the time scale at which the viscous to elastic cross-over occurs, see Fig. 2 ) and the plateau value of the elastic modulus (Eckstein et al., 1998) . It is important to note that the diffusion coefficient calculated from two-dimensional particle trajectories can be approximated as the three-dimensional diffusion coefficient assuming that the local environment surrounding each microsphere is isotropic in three dimensions. We simply have
. This is a valid approximation, even in regions of the cell where long-range interactions between microspheres and the cell membrane could occur via hydrodynamic interactions, because those interactions are screened to within a mesh size of the surrounding network, which is approximately 50 nm. If the cell thickness were similar or smaller than the particle diameter, they would be mostly excluded from those (too thin) areas.
Fluorescence microscopy
Fluorescence microscopy was used to illustrate the heterogeneous organization of the actin cytoskeleton and spatial distribution of vinculin in Swiss 3T3 cells. Cells were fixed in 3% paraformaldehyde in DPBS, and permeabilized in 0.1% Triton X-100 
Phase contrast microscopy
The subcellular organization and morphology of live cells were revealed using phase contrast microscopy via a 60× oil-immersion Plan Fluor lens (N.A. 1.4) (Nikon).
This lens was mounted on a Nikon Eclipse TE300 inverted microscope. Images were acquired with an Orca II CCD camera (Hammamatsu) controlled by the Metavue software (Universal Imaging Corp).
Rho activity measurements
Rho activity was measured using the pull-down assay developed by Ren et al. (Ren et al., 1999; . The Rho-binding domain (RBD) from
Rhotekin was expressed and isolated in E. coli using a plasmid kindly provided by Dr.
X.D. Ren, and immobilized on Sepharose 4B (Amersham Pharmacia, Buckinghamshire, UK). Swiss 3T3 cultures were lysed in cold lysis buffer (50 mM Tris, pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM MgCl 2 , 10 µg/ml each of leupeptin and aprotinin, and 1 mM PMSF) and incubated at 4 °C with immobilized RBD for 1 hour. Samples were analyzed by SDS-PAGE and visualized on Western blots using mAbs against RhoA (Santa Cruz Biotechnology, CA). Rho activity was determined as the amount of RBD-bound Rho versus total Rho in the lysate by densitometry analysis of the blots using Un-Scan-It gel software (Silk Scientific, Orem, UT).
Results
Cytomechanical response to Rho activation. To investigate the effects of Rho activation on the mechanical properties of living cells, we used a new method, intracellular microrheology (ICM), to probe in situ the local viscoelastic properties of quiescent Swiss 3T3 cells before and after treatment with the known Rho agonist lysophophatidic acid (LPA) Moolenaar, 1995) . This force-free method transforms the measured Brownian displacements of individual microspheres embedded in the cytoplasm into local viscous and elastic moduli as described (Mason et al., 1997; Apgar et al., 2000; Dasgupta et al., 2002) . The time-dependent coordinates of the centroids of individual 0.1 µm-diameter microspheres were tracked using time- Details about the method of ICM can be found in (Tseng et al., 2002b) , which offers a thorough description of control experiments involving microspheres of different size and surface charge.
The extent of the displacements of microspheres embedded in the cytoplasm of Swiss 3T3 cells treated with LPA was much smaller than that of control cells ( To test the statistical significance of the differences observed in the creep compliance of control and LPA treated cells, we applied two-tailed t-tests at each time scale from 0.033 -10s and averaged their values to obtain an average p-value of << 0.05. To test whether the observed micromechanical response was in part due to activation of Rho, control experiments were performed using quiescent 3T3 cells microinjected or treated with 10 µg/ml C3 transferase (a potent inhibitor of the downstream functions of active Rho) prior to treatment with LPA. Cells treated with C3 displayed different morphologies than normal quiescent cells (our unpublished results) with a slightly lower baseline mean cellular compliance ( Fig. 2A, inset) , however, after 15 min of treatment with 1 µg/ml LPA there were no significant changes in the mean creep compliance ( Fig. 2A, inset) , average p-value = 0.5995. This result suggests that the observed micromechanical effects of LPA are due to the activation of Rho and not another signaling pathway that may be activated by LPA.
The local elastic and loss (viscous) moduli, G′(ω) and G″(ω) (Fig. 2B) , of the cytoplasm were directly obtained via the analytical continuation of the generalized form of the Stokes-Einstein relationship into the Fourier domain and approximation of the frequency dependent MSD as described (Mason et al., 1997; Dasgupta et al., 2002) .
G′(ω)
and G″(ω) respectively characterize the elasticity (i.e. the propensity of the cytoplasm to rebound after a force is applied) and the viscosity of cytoplasm. The elasticity G′ of the cytoplasm in both control cells and LPA-treated cells exhibited steep frequency dependence at low frequencies before reaching a long quasi-plateau at intermediate and high frequencies (Fig. 2B) . The plateau value of the elasticity in LPA treated cells was nearly twice that of control cells. These results contrast those obtained using a twisting magnetic bead technique where the elasticity of endothelial cells was shown to decrease in response to treatment with LPA (Bausch et al., 2001 ). This discrepancy may be due to the difference in cell types or the fact that the later technique probes the mechanics of the cell membrane and not intracellular mechanics.
The loss modulus G″ of the cytoplasm dominated the elastic modulus G′ at low frequencies, became smaller than G′ at intermediate frequencies and comparable to G′ at high frequencies for both control cells and LPA treated cells (Fig. 2B ). This type of frequency profile for G′ and G″ suggests that the cytoplasm behaves as a viscoelastic solid (G′> G″) at high rates of deformation and as a viscoelastic liquid (G′< G″) at low rates of deformation. This is clearly shown by the behavior of the phase angle or loss tangent ( Fig. 2C), ( )
, which is nearly 90° (perfectly viscous liquid) at low frequencies and then begins to rapidly decrease with increasing frequency. In LPA treated cells, the loss tangent crosses over to the elastic regime (δ < 45°) at a much lower frequency than control cells (Fig. 2C) suggesting that activation of Rho enables the cell to elastically resist a wider range of rates of deformations compared to quiescent cells.
These viscoelastic profiles, which are reminiscent of those found in polymeric fluids (Ferry, 1980) and reconstituted actin networks cross-linked with α-actinin (Sato et al., 1987) , describe the cytoplasm as a complex fluid which, when sheared rapidly, resists deformations and is therefore elastic, and, when sheared slowly, relaxes rapidly via viscous diffusion and, therefore, offers less resistance to mechanical stresses.
Intracellular viscosity is obtained from the product of the relaxation time (inverse of the cross-over frequency, τ δ =45°) and the plateau modulus (the value of the elastic modulus evaluated at the frequency where the minimum of δ occurs) (Eckstein et al., 1998) . Intracellular viscosity increased from 8.1 ± 10.0 Poise to 94.1 ± 22.1 Poise upon
Rho activation (Fig. 2D ). This viscosity governs the rate of transport of organelles and particles larger than the effective mesh size of cytoplasm (>50 nm). It is much higher than measured by FRAP, which measures the interstitial viscosity of cytoplasm (~0.01
Poise) (Luby-Phelps, 1993 , 2000 . (Fig. 3A) . Figure 3 shows that the micromechanical behavior of the cytoplasm of both control and LPA treated cells was heterogeneous and that all probed regions of the cytoplasm stiffened in response to LPA treatment. These results are consistent with the observed global reorganization of F-actin structures within the cell upon activation of Rho (Fig. 3D ) as opposed to localized actin reorganization as found with other Rho GTPases (e.g. Cdc42 and Rac) Kozma et al., 1995) . From figures 3D and 3E, it is also apparent that there is little correlation between local F-actin bundle organization and the local viscoelastic properties of the cell. Blue colored (stiff) particles appear in regions where F-actin staining is mostly absent, while red colored (soft) particles can be found in the most intense F-actin regions.
Analysis of the normalized local cellular compliance (local cellular compliance divided by the mean cellular compliance) at time scales of 0.1s and 1s shows that the distribution of stiffness is less spread (lower variance) after application of LPA (Fig. 3, B and C). However, the direct comparison of the shape of distributions that have different means may be somewhat misleading when one only considers absolute statistical parameters such as skewness and variance. Therefore, we introduced markers to quantify the relative degree of micromechanical heterogeneity of the cytoplasm of living cells: the relative contributions of the 10%, 25%, and 50% highest compliance values to the mean compliance (Fig. 4B ). These contributions should be exactly 10%, 25%, and 50% for a perfectly homogeneous liquid, which is what we observed when 1 µm-diameter, particles were dispersed in a homogenous aqueous solution of glycerol (Fig. 4A ). These markers should become close to 100% in a highly heterogeneous milieu, which is what is observed, for instance, in a highly heterogeneous actin filament network in the presence of a high concentration of the F-actin crosslinking protein α-actinin (Tseng and Wirtz, 2001 ) and fascin (Apgar et al., 2000) and in concentrated DNA solutions (Goodman et al., 2002) . Here, we found that the contributions of the 10%, 25%, and 50% highest compliance values to the mean compliance of quiescent Swiss 3T3 cells treated with 1 µg/ml LPA were significantly lower than those of control cells. However, both sets of contributions were more than twice as high as those measured in glycerol (Fig. 4A) , which is expected given the heterogeneous nature of the actin cytoskeleton ( (Fig. 5, A and B) . Upon treatment with LPA, the cells' mean cellular compliance ( Fig. 5A and inset) initially decreased describing a stiffening of the cytoplasm as evidenced by the sharp increase in both the plateau modulus and shear viscosity. The plateau modulus of the cytoplasm reached a maximum of 117 ± 10 dyn/cm 2 , 15 min after application of LPA (Fig. 5B ). This enhancement in cytoplasmic stiffness was followed by a relaxation; cytoplasmic elasticity approached pre-treatment, basal G′ levels after 60 min (Fig. 5B) . The microheterogeneity of the cell follows a trend similar to that of intracellular stiffness, reaching a minimum degree of heterogeneity at 15 minutes, as indicated by contributions of the 10%, 25%, and 50% highest compliance values to the mean compliance (Fig. 6) . In striking contrast to these cytomechanics measurements, fluorescent micrographs of the actin cytoskeleton revealed that Rho-induced F-actin bundles and focal adhesions remained well established during the entire course of the experiment ( fig. 5D ). These experiments indicate that the cell's mechanical response to Rho activation is transient and suggest that the level of subcellular stiffness does not necessarily correlate with the presence of F-actin bundles and focal adhesions displayed in fluorescence micrographs.
The transient mechanical response of cytoplasm follows the time-dependent activity of Rho by LPA/serum treatment (Ren et al., 1999 ) with a delay (Fig. 5, B and C) .
Using a pull-down assay based on specific binding of GTP-bound Rho to the Rhobinding domain from the effector Rhotekin (Ren et al., 1999) , we measured the activity of Rho as a function of time in conditions identical to those used in ICM experiments.
We found that upon treatment with LPA, Swiss 3T3 cells underwent a rapid increase in Rho activation that reached a maximum at 1 min. These cells then experienced a rapid decrease in Rho activity that approached basal levels within 3 min (Fig. 5, B and C) .
Similar results were reported by Ren et al., however they observed a peak in Rho activity at 3 min (Ren et al., 1999) . It has been suggested that the transient activation of Rho is due to a negative-feedback loop that includes the activation of proteins known to antagonize Rho such as p190RhoGAP (Arthur and Burridge, 2001) or one of the other members of the Rho GTPase family, such as Rac or Cdc42 (Ren et al., 1999) . Together, cytomechanics experiments and pull-down assay results show that Rho-induced cell stiffening is transient and that cell stiffening parallels, with a delay, the time-dependent activity of Rho.
Rho kinase regulates the cytomechanical response to Rho activation. Active Rho is known to act through the combined efforts of the Rho effectors ROCK/ROK (Rhoassociated kinase) Kimura et al., 1996) and Dia (Watanabe et al., 1999) , but may include other targets such as phosphatidylinositol-4-phosphate 5-kinase (PI-4-P5K) (Ren et al., 1996; Hall, 1998) . Rho kinase stimulates myosin dependent contraction of the actin cytoskeleton by directly inhibiting myosin light chain phosphatase and indirectly activating myosin light chain kinase (MLCK) (Kaibuchi et al., 1999) . This results in the bundling of actin filaments into stress fibers and the clustering of integrin complexes into focal adhesions (Chrzanowska-Wodnicka and Burridge, 1996) leading to cellular tension. Focal adhesions are critical sites of signal transduction and upon formation lead to the phosphorylation of key signaling proteins such as focal adhesion kinase (FAK), paxillin, and c-Src (Hanks et al., 1992; Seufferlein and Rozengurt, 1994; Arthur et al., 2000) . FAK, paxillin, and c-Src have been shown to contribute to integrin mediated down-regulation of Rho (Arthur et al., 2000; Tsubouchi et al., 2002) , and recent studies suggest that they may act through interaction with the Rho antagonist p190RhoGAP (Masiero et al., 1999; Arthur et al., 2000; Arthur and Burridge, 2001 ).
To discern the effects of contractility and focal adhesion formation on the cytomechanical response of LPA-treated quiescent Swiss 3T3 cells, we first performed ICM measurements in cells pretreated with the wide spectrum kinase inhibitor staurosporine (Fig. 7, A and B) . Staurosporine blocked the LPA-induced formation of stress fibers and focal adhesions while preserving actin polymerization (Fig. 7C ) . Previous studies using Swiss 3T3 fibroblasts plated on flexible silicon rubber substrates showed that treatment of cells with staurosporine completely abrogated Rho induced cellular tension (Ballestrem et al., 2001) . In contrast to these observations, our cytomechanics assay revealed that the activation of Rho in staurosporine-treated cells resulted in cytoplasmic stiffening as evidenced by the decrease in the mean cellular compliance of the cytoplasm ( Fig. 7A and inset) . Cytoplasmic stiffness no longer relaxed but rather reached a quasi steady-state plateau after 30 min as shown by the timedependent plateau modulus profile of cells treated with LPA and staurosporine (Fig. 7B) .
Remarkably, this final value of cytoplasmic stiffness (121 ± 15 dyn/cm 2 ) was nearly identical to that obtained at the peak of cell stiffness in cells treated with LPA alone (117 ± 10 dyn/cm 2 ) ( Fig. 5B and 7B ). These results suggest that even when actomyosin contractility is inhibited, cell stiffening can still occur presumably due to unaffected actin polymerization and the resulting formation of stiff F-actin networks (Tseng et al., 2002a) .
These results also underline the fundamental difference between cellular tension and intracellular stiffening.
A similar effect was observed in cells pretreated with the specific Rho kinase inhibitor Y-27632. Rho activation in Y-27632 treated cells resulted in the formation of F-actin structures without the development of contractile actin stress fibers or focal adhesions (Fig. 8, D) . Previous studies have shown that Y-27632 prevents Rho induced tyrosine phosphorylation of FAK and paxillin (Imamura et al., 2000; Sinnett-Smith et al., 2001) . Although Y-27632 completely inhibited the contractile effects of Rho activation (Ballestrem et al., 2001; Riveline et al., 2001) , the plateau modulus significantly increased (and, vice versa, the compliance decreased, Fig. 8A and inset) , reaching a quasi-plateau after 30 min with a value more than twice (255 ± 47 dyn/cm 2 ) that of the maximum elasticity obtained in control cells (Fig. 5B and 8B ). The distributions of compliance obtained by ICM were statistically analyzed by the contributions of the 10%, 25%, and 50% highest compliance values to the mean compliance. Cells pretreated with Y-27632 or staurosporine exhibited minimum degrees of heterogeneity upon activation of Rho that were lower than those of control cells and persisted for 60 minutes (see Supplementary Fig. 1 ). This behavior follows a trend similar to Rho activity measured using the Rho pull-down assay with LPA and Y-27632 treated cells (Fig. 8, B and C) .
Together, these results and the observation that cell stiffness in control cells is transient, suggests that Rho kinase and/or the downstream myosin-dependent formation of focal adhesions not only plays a critical role in the regulation of Rho activity but also the cytomechanical response of Swiss 3T3 cells to Rho activation.
Discussion
Through the use intracellular microrheology, we were able to probe the local intracellular mechanical properties of serum-starved Swiss 3T3 cells exposed to the known Rho agonist LPA. Quiescent Swiss 3T3 fibroblasts treated with LPA exhibit significant increases in both cytoplasmic elasticity and viscosity. The observed viscoelastic behavior is extremely dynamic and deformation frequency dependant, which is similar to previous results found in cross-linked actin filament networks (Sato et al., 1987) . The negative shift in the deformation frequency cross-over in LPA treated cells
indicates that the cytoskeleton becomes elastically responsive to a wider range of deformation frequencies. This may be due to the activation of one or more cross-linking proteins that possess lower actin dissociation rates, thus reducing the frequency of crosslinker rearrangement.
Our results further show that the mechanical response of Swiss 3T3 cells to Rho activation by LPA is time-dependent and follows a trend similar to the time-dependent profile of Rho activity (Ren et al., 1999) . This mechanical response is not instantaneous and is delayed with respect to Rho activation. Delayed stiffening of the cell may be attributed to the slow gelation kinetics of the networks of newly formed Rho-induced polymerized actin (Tseng et al., 2002a) . In vitro studies using polymerized actin filaments and actin crosslinking proteins showed that the time required to reach a mechanical steady state (gelation time) is indeed long compared to the kinetics of actin polymerization or cross-linker binding (Tseng et al., 2002a) . Previous studies have shown that down-regulation of Rho activity is necessary for focal adhesion turnover and cell migration . Our results suggest that this requirement for cell motility may be due to the relaxation of intracellular stiffness, which we have shown to occur in response to LPA induced activation of Rho in cultured Swiss 3T3 cells plated on fibronectin. This is further supported by the observation that treatment of Swiss 3T3 cells with the specific Rho kinase inhibitor Y-27632 abrogates the relaxation of the intracellular stiffness resulting in a sustained, elevated stiffness that is more than twice that of control cells. Y-27632 has been shown to inhibit cellular migration and morphological changes in rat ascites hepatoma (MM1) cells through inhibition of Rho kinase mediated tyrosine phosphorylation of FAK and paxillin (Imamura et al., 2000) . bundling proteins such as α-actinin and fascin (Tilney et al., 2000) .
Another important aspect of this work is the distinction observed between intracellular stiffness and the cellular tension generated by myosin-based contraction of the actin cytoskeleton. Rho induced cellular tension was recently observed using traction force microscopy with cells plated on semi-flexible substrates (Ballestrem et al., 2001 ). 
Figure 6
Time-dependent statistical analysis of cellular compliance distributions Time-dependent percent contributions of the highest 10%, 25%, and 50% values of local compliance to the mean compliance of quiescent Swiss 3T3 cells before and after treatment with 1 µg/ml LPA. 
